Objective: To examine the cross-sectional association between physical activity (PA) and hippocampal volume in middle-aged adults with childhood-onset type 1 diabetes (T1D), and whether hyperglycemia and insulin sensitivity contribute to this relationship.
Conclusions:
A cross-sectional association between higher PA and larger hippocampi is already detectable by middle age for these patients with T1D, and it appears robust to chronic hyperglycemia and insulin sensitivity. Proof-of-concept studies should investigate whether increasing PA preserves hippocampal volume and the mechanisms underlying the effects of PA on hippocampal volume. Neurology ® 2017;88:1564-1570 GLOSSARY BMI 5 body mass index; PA 5 physical activity; T1D 5 type 1 diabetes; VEGF 5 vascular endothelial growth factor.
Higher physical activity (PA) is increasingly recognized as a protective factor against gray matter atrophy, with strong effects in the hippocampus. [1] [2] [3] Concerningly, only 35% of adults with type 1 diabetes (T1D) report being physically active, 4 ,5 yet the relationship between PA and hippocampal volume has not been examined in this patient population. As people with T1D now live beyond middle age, 6 it is critical to identify factors that could protect these patients from the combined effects of older age 7 and hyperglycemia 8 on hippocampal atrophy. PA is associated with improved glycemic regulation in adults with and without diabetes, ages 40-60 years, 9 possibly via improving insulin sensitivity. 10 Poor insulin sensitivity has been shown to be related to hippocampal atrophy 11 and dementia 12 in people with and without diabetes. Therefore, lower PA could be related to smaller hippocampal volume in T1D, and hyperglycemia and insulin sensitivity could explain this association.
In this cross-sectional study, we examine the association between PA and hippocampal volume in middle-aged adults with and without childhood-onset T1D. We hypothesize that higher PA will be associated with larger hippocampi and that insulin sensitivity and hyperglycemia partially explain these relationships.
METHODS Standard protocol approvals, registrations, and patient consents. All study procedures received University of Pittsburgh's institutional review board approval and all participants provided informed consent prior to undergoing research procedures.
Participants. Adults with T1D were recruited from the ongoing Pittsburgh Epidemiology of Diabetes Complications Study, an observational study of individuals diagnosed with childhoodonset T1D between 1950 and 1980, with the baseline assessment in 1986-1988 (n 5 658, mean age 28 6 8 years, mean T1D duration 19 6 8 years). Participants completed biennial follow-up examinations and questionnaires through 1996-1998, and again in 2004-2006 (for details, see reference 13). Out of 263 locally dwelling (as of January 1, 2010) participants invited to this ancillary study, 26 never responded, 81 declined, and 2 were lost to follow-up. Of 154 interested, 37 were MRI-ineligible (e.g., metallic implants; for details, see reference 14) , and 5 could not be scheduled. Of the 112 eligible and scheduled for neuroimaging, 3 did not show for their MRI and another 3 decided against the MRI at their scheduled examination. Including only those with data on physical activity (n 5 93), insulin sensitivity (n 5 96), depressive symptoms (n 5 93), blood pressure (n 5 102), and cholesterol (n 5 104), concurrent with brain MRI, yielded an analytical sample of n 5 79, mean age 50 6 7 years, mean T1D duration 41 6 6 years.
An observational study of associations between prehypertension and brain structure and function provided a comparison group of similarly aged adults without T1D. Parent study inclusion criteria were ages 35-60 years, local to Pittsburgh, and blood pressure ,140/90 mm Hg without use of antihypertensive medication. Full exclusion criteria are provided elsewhere.
14 Mailings/ advertisements resulted in 414 people responding with interest; 110 were MRI-ineligible and 74 withdrew, leaving 230 enrolled. To mirror the racial distribution of the T1D cohort, only white participants with no missing data on physical activity (n 5 130), depressive symptoms (n 5 129), blood pressure (n 5 130), and cholesterol (n 5 125) were included, yielding an analytic sample of n 5 122, mean age 49 6 7 years.
MRI protocol. In 2010-2013, all participants underwent brain MRI at the Pittsburgh Magnetic Resonance Research Center, using a Siemens (Munich, Germany) 12-channel head coil in a 3T Siemens Tim Trio scanner. Acquisition details are described in greater detail elsewhere. 15, 16 Magnetization-prepared rapid gradient echo T1-weighted images were acquired in the axial plane: repetition time 2,300 ms; echo time 3.43 ms; inversion time 900 ms; flip angle 908; slice thickness 1 mm; field of view 256 3 224 mm; voxel size 1 3 1 mm; matrix size 256 3 240; number of slices 176.
Measures. Gray matter volume. FMRIB Software Library (FSL: fsl.fmrib.ox.ac.uk/fsl/fslwiki/) was used to segment gray matter, white matter, and CSF. The Montreal Neurologic Institute template was warped to the individual's MRI using a series of automated nonlinear registrations; this accounts for differences between the template and individual MRIs. After segmentation, all voxels classified as gray matter were summed to estimate total gray matter volume (mm 3 ). Images were visually evaluated for inaccuracies or alignment problems. Our automated labeling technique, a method shown to be reliable and valid, 17 was used to extract the gray matter volume of the hippocampus, as defined by the Montreal Neurological Institute anatomical brain template; this technique conducts atlas-based segmentation of MRI data by combining publicly available software (e.g., AFNI: afni.nimh.nih. gov/afni/) with customized programs. The hippocampus, including the dentate gyrus, the uncus, and the hippocampus proper, was demarcated in the sagittal view as the gray matter espousing the ventricular horns, and was limited caudally by the parahippocampal ramus of the collateral fissure. 18 Volumes of left and right hippocampus were summed, providing hippocampi volume (mm 3 ). Total intracranial volume (mm 3 ) was calculated as the sum of total brain volume and extraventricular CSF volume, after stripping the skull and meninges.
Physical activity. All participants completed a modified, selfadministered version of the Paffenbarger Physical Activity Questionnaire, concurrent with MRI. Weekly activity (kcal) was estimated using an algorithm based on stairs climbed, city blocks walked, and light, moderate, and vigorous activity. 19 Demographic data (age, education, sex) were assessed concurrent with MRI.
Other risk factors related to hippocampal volume were assessed for all participants at time of MRI, using standardized methods: APOE4 allele 20, 21 ; depressive symptoms, 20 per Beck Depressive Inventory score $10 22 for participants with T1D and Center for Epidemiologic Studies-Depression scale score $16 23 for participants without T1D; body mass index (BMI; kg/m 2 ) 20, 21 ; blood pressure (mm Hg) and history of high blood pressure or using antihypertensive medications 21 ; serum glucose (mg/dL) 20 ; total cholesterol (mg/dL) 21 ; and self-reported history of smoking 100 1 cigarettes.
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T1D-specific factors. The following were assessed as part of the T1D parent study at each physical examination, from baseline through 2010-2013, using standardized techniques (for details, see reference 13): T1D duration (years); estimated insulin sensitivity, as determined by a regression equation for estimated glucose disposal rate based on hyperinsulinemic-euglycemic clamps 24 ; serum glucose (mg/dL); and long-term hyperglycemia per HbA1c months, an index of severity and duration of hyperglycemia. 25 In addition, data on estimated glomerular filtration rate (mL$min 21 $1.73 m 22 ) and the prevalence of proliferative retinopathy, distal symmetric polyneuropathy, and coronary artery disease were available from the parent study's 2004-2006 clinic examination, which occurred an average of 5 years prior to MRI (for details, see reference 13).
Statistical analyses. Analysis of variance, Fisher exact, or Wilcoxon rank-sum score were used to compare participant characteristics by T1D status. Estimated PA (kcal/wk) was log10 transformed as it was highly skewed, and to improve the linearity assumption between PA and brain outcomes; all 0 values were changed to 0.05 prior to log-transformation.
Linear regression models examined the 2 cohorts combined, then each cohort separately. All models controlled for intracranial volume, to account for individual differences in head size, and models for the combined cohorts also controlled for T1D status. First, models tested whether PA (independent variable) was related to hippocampi (primary outcome) or total brain gray matter (secondary outcome) volumes, adjusting for age, education, and sex. Additional models further controlled for factors that differed by T1D status; these factors were selected after SIDAK correction for multiple comparisons, p , 0.004. For these models, the coefficient of PA predicting hippocampi or total brain gray matter volume was reported if statistically significant.
Linear regression models restricted to the T1D cohort tested the relationships between PA with hippocampi and with total brain gray matter volumes, controlling for intracranial volume, age, education, and sex. Models then tested whether adding HbA1c months or estimated glucose disposal rate one at a time, then combined, changed the coefficient of PA predicting hippocampi or total brain gray matter volume by .10%. 26 Additional models further adjusted for factors that were significantly correlated to hippocampi per Spearman correlation, partialling out intracranial volume and age; these factors were selected after SIDAK correction for multiple comparisons, p , 0.003. Finally, all regression models restricted to the T1D cohort were repeated, controlling for T1D duration in place of age at MRI. To ease interpretation of the association between PA and hippocampi, we also repeated the models using raw PA (i.e., not log-transformed) to predict hippocampi.
Sensitivity analyses were performed using a subgroup of participants with no history of high blood pressure or stroke. In addition, to examine whether the association between PA and hippocampi was explained by total brain volume, we also adjusted for total brain volume; to address multicollinearity between intracranial volume and total brain gray matter volume, hippocampal volume normalized by intracranial volume was the outcome in these models.
Analyses were performed using SPSS (version 22.0; IBM Corp., Chicago, IL) and SAS 9.3 (SAS Institute, Cary, NC). Standardized b coefficients are reported for all models.
RESULTS Characteristics of these middle-aged adults with and without T1D have been described in detail. 14, 27, 28 PA was significantly lower among participants with T1D than among participants without T1D (table 1) . The between-group difference in total brain gray matter volume was statistically significant, but differences in hippocampi or intracranial volume were not (table 1). Participants with T1D had statistically significantly fewer years of education, lower cholesterol, lower diastolic blood pressure, and higher prevalence of depressive symptoms than did participants without T1D Table 1 Characteristics (table 1, all p , 0.001). The cohorts did not differ in age, female:male distribution, BMI, systolic blood pressure, history of ever smoking, or APOE4 allele status (table 1; all p . 0.10).
In linear regression models examining the 2 cohorts combined, higher PA was related to larger hippocampi and total brain gray matter volumes, controlling for T1D status, intracranial volume, sex, education, and age (table 2, model 1). Further adjustment for depressive symptoms, total cholesterol, and diastolic blood pressure only minimally modified the association between PA and hippocampi (table 2, model 2); these covariates were selected because they differed between groups per SIDAK correction (p , 0.004) (table 1).
The association between PA and hippocampi was statistically significant for the T1D cohort (table 3, model 1). This association remained significant, and the coefficient of PA changed by ,10%, when adjusting for chronic hyperglycemia and estimated glucose disposal rate (table 3, models 2-4), thus did not warrant formal mediation/moderation analyses.
In the model using raw PA (i.e., not logtransformed) to predict hippocampi, the unstandardized regression coefficient of each kcal/wk of PA was b 5 0.126; thus, for each 1,000 kcal/wk (corresponding to about 30 minutes per day of brisk walking, 6 days a week), there would be a difference of 126 mm 3 in hippocampi volume, which is approximately 1% of the mean hippocampal volume in this T1D cohort.
Associations between PA and total brain gray matter volume were similar to what was observed for hippocampi (table 3) .
Associations between hippocampi and other T1D-specific factors were not significant above SIDAK correction for multiple comparisons; hence none was selected for further testing in the regression models (table e-1 at Neurology.org).
Results were overall similar when controlling for duration of T1D in place of age at MRI, or when controlling for total brain volume (not shown).
In models restricted to the non-T1D cohort, controlling for age, sex, education, and intracranial volume, PA was significantly associated with total gray matter volume, but not with hippocampi (standardized b Results of these analyses were overall unchanged when we excluded participants with a history of high blood pressure (31 T1D, 10 non-T1D) or stroke (5 T1D) (data not shown).
DISCUSSION In this T1D cohort, there was a crosssectional association between lower PA and smaller hippocampi; this association was robust to adjustment for chronic hyperglycemia and a marker of insulin sensitivity, and also to several other well-known contributors of hippocampal atrophy, such as older age, depression, 20 and APOE4 allele.
20,21
While we cannot draw conclusions about causality due to study design, and despite advances in diabetes management and treatment since these individuals were diagnosed with T1D, our results hold potential relevance for this patient population. Specifically, for these adults with childhood-onset T1D, every 1,000 kcal expended per week corresponded to 126 mm 3 larger hippocampi. In practical terms, these results could be appreciated as taking a brisk, 30-minute walk, 6 days per week, being related to 1.3% larger hippocampi. This difference is not negligible and could, in fact, potentially counteract the 1%/y decline in hippocampal volume estimated to occur among individuals age 55 years and older. 7, 29 As adults with T1D enter their 5th and 6th decades of life, preserving the hippocampus may be critical in efforts to reduce future risk of cognitive decline. Long-term exposure to T1D-related processes in adults ages 50 years and older is likely to negatively affect hippocampal volume, over and above effects of advancing age. If so, then middle age may be a most critical time for PA intervention to increase hippocampal volume in adults with T1D, before they progress into an even older age group, with a steeper rate of hippocampal atrophy. Table 3 Linear regression models examining the association of physical activity with hippocampi and total gray matter volumes among middle-aged adults with childhood-onset type 1 diabetes from the Pittsburgh Epidemiology We also found that higher PA was related to larger total brain gray matter volume. Since T1D appears to negatively affect brain development early in the course of the disease, with effects evident on MRI shortly after T1D diagnosis, 30 our finding suggests that higher PA may somewhat compensate for the sustained insults of childhood-onset T1D on total brain gray matter volume.
The associations between PA and hippocampal volume were independent of our measures of chronic hyperglycemia and insulin sensitivity. Animal models show that hyperglycemia may reduce hippocampal synaptic plasticity, neurogenesis, and differentiation. 31, 32 Higher glucose levels may also reduce hippocampal volume indirectly, via increasing levels of advanced glycation end products and reactive oxidative species. 29, 33 However, we did not find significant associations between measures of chronic hyperglycemia with hippocampal volume, similar to 3 prior studies examining children and young adults. [34] [35] [36] In contrast, others report associations between hyperglycemia and smaller hippocampi, both cross-sectionally and longitudinally, in children and young adults. 37, 38 Even so, hyperglycemia and insulin sensitivity could still be in the pathway linking PA and hippocampal volume in T1D. It could be that increasing, or simply maintaining, PA over time, not PA measured at one time point, is associated with improved glycemic control, potentially via improved insulin sensitivity, and these factors may affect hippocampal volume over time.
Which other mechanisms could link higher PA to larger hippocampi in people with T1D? PA may act on molecules involved in angiogenesis and neurogenesis. 1 For example, PA may stimulate neurogenesis by increasing levels of brain-derived neurotrophic factor. In addition, PA regulates insulin-like growth factor 1 and vascular endothelial growth factor (VEGF) production, molecules important for angiogenesis. 1 Animal models show that PA induces capillary development in the hippocampi of mice and that blocking VEGF influx into the brain eliminates exercise-induced neurogenesis. 1 This neurotrophic pathway could be of great importance for people with childhood-onset T1D, because T1D appears to reduce hippocampal neurogenesis and neuronal differentiation in animal models of T1D. 31, 32 Other possible pathways deserving investigation include PA potentially reducing the accumulation of advanced glycation end products and reactive oxidative species; stabilizing blood pressure; stabilizing the hypothalamus-pituitary-adrenal axis function; enhancing mood and the dopaminergic system; and reducing concentrations of inflammatory cytokines. 33 It cannot be excluded that the associations observed would indicate a reverse relationship between hippocampus and PA; that is, lower hippocampal volume, via reduced cognition, would be related to reduced abilities to move around and be physically active.
The study's negative results also deserve mention. While PA was significantly related to larger hippocampi in our T1D cohort, the relationship was not significant for the cohort without T1D. It could be that the effects of PA on hippocampal volume are more noticeable among individuals with very low levels of PA, such as we observed in this T1D cohort, than among individuals with average PA levels for adults of this age group, such as we observed in our non-T1D cohort. Another possibility is that we only see an association between PA and hippocampus under conditions in which the brain is relatively impaired, such as in a disease like T1D. Second, T1D status was not significantly associated with hippocampal volume. Our null results are similar to prior case-control studies in children, 34, 36 young adults, 38, 39 and this middle-aged T1D cohort. 27 In contrast, smaller hippocampal volumes were found cross-sectionally in a pediatric T1D population as compared with their nondiabetic peers. 37 Likewise, several well-known contributors to hippocampal atrophy were not associated with hippocampi in this cohort. Most of our knowledge regarding the effects of T1D on hippocampal volume is derived from animal models of T1D 31, 32 and more work is needed to clarify these associations in humans with childhood-onset T1D.
Results of this study should be interpreted in the context of its limitations. PA was self-reported and this method, unlike objective accelerometry data, cannot fully capture physical activity. Even so, both cohorts utilized the same questionnaire and differential reporting by T1D status is unlikely. Some variables (e.g., proliferative retinopathy) were measured 5 years prior to MRI, possibly underestimating their true association with PA. Longitudinal studies with repeated neuroimaging would be especially valuable to examine the influence of PA changes on future changes in glycemic control, insulin sensitivity, and hippocampal volume. We previously reported that participants from the T1D parent study who underwent brain imaging are healthier than those who did not undergo brain imaging. 28 While the parent studies of these 2 cohorts assessed depressive symptoms using different instruments, the cutpoints used are validated and have clinical relevance. Finally, the results of this study may not be generalizable to all people with T1D, especially not those diagnosed in adulthood, and a survival bias may exist for this T1D cohort. It cannot be excluded that changes over time in management of diabetes and cardiovascular complications may affect the relationship between PA and hippocampus. Future studies of patients with T1D with childhood onset, who will be reaching middle age in the next few decades, will be critical to assess to what extent the associations observed will differ. Although our findings need to be replicated, the cross-sectional association between PA and hippocampal volume in this T1D population underscores the importance of measuring the effect of increasing PA to preserve hippocampal and total brain gray matter volumes over time. Our findings lay the foundation for future intervention trials in T1D to examine whether increasing PA reduces change over time in hippocampal and total brain gray matter volumes, as well as the role of improved glycemic control over time on brain outcomes.
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